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i. Introduction 
The Hall-Perch (1,2) relationship is a well known expression relating the variation 
in yield stress to the grain size of a material: 
o - o o + fd -I/2 (i) 
where o is the yield stress, o o is the lattice friction stress required to move individ- 
ual dislocations, f is a constant and d is the grain size. The experimental results are 
usually plotted in the form of o versus d-i/2. If Eqn. i applies, the data normally fall 
on a straight line with a positive slope f. The form of Eqn. i indicates that a decrease 
in grain size will lead to an increase in the yield strength. The influence of grain 
boundaries on yield strength has been rationalized in terms of the propagation of slip 
from one grain to adjacent grains through the cross-section of a specimen (3-5). Accord- 
ing to Eqn. i large yield strengths may be attained by reducing the grain size of a mate- 
rial. However, experimental results on materials such as Armco iron (6) and nickel (7) 
reveal that the Hall°Petch relationship recorded at large grain sizes cannot be extrapo- 
lated to grain sizes of less than -i Nm. In fact, at very small grain sizes the yield 
strengths are smaller than those predicted by Eqn. i. 
Recently, there has been considerable interest in developing nanocrystalline materi- 
als. Nanocrystalline materials are polycrystalline with grain sizes of a few nanometers 
(8). In such materials, the volume fraction of the interfaces becomes comparable to the 
volume fraction of the crystals. Nanocrystalline materials may have applications in areas 
such as the development of new alloys, ductile ceramics, catalytic or absorption processes 
and materials with high diffusivities (8,9). 
The present investigation was performed to examine the Hall-Petch relationship, using 
hardness measurements, for a wide range of grain sizes, including nanocrystalline 
materials. As noted by Armstrong (4), hardness measurements provide a convenient means of 
establishing the Hall-Petch relationship in fine grained materials. 
2. Experimental Materials and Procedures 
Copper and palladium were chosen as materials for the experimental study. The exper- 
iments were conducted in specimens with grain sizes greater than i ~m and in specimens 
with nanocrystalline grain sizes. 
Conventional grain size specimens (Cu) Oxygen free high conductivity (OHFC) copper was 
cold rolled to a thickness of 3 mm with an -50% reduction in area. Small sections of the 
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cold rolled sheet were annealed in air at a temperature of 773 K for 2 minutes to ~i000 
minutes to obtain a range of grain sizes. 
The specimens were mounted in epoxy, polished metallographically and etched with a 
standard FeCI 3 solution. The average grain sizes, L, were determined using the linear 
intercept method: the reported values correspond to the spatial grain size d, where d - 
1.74 L. The hardness measurements were conducted at room temperature on a Tucon micro- 
hardness tester using a Vickers diamond pyramid indenter with a load of 0.3 kg. At least 
ten measurements were made at random locations on each specimen and the data reported cor- 
respond to the average values. 
Nanocrvstall~ne specimens (Cu and Pd) Nanocrystalline specimens of Cu and Pd were gener- 
ated by the inert gas method. This procedure is described in detail in refs. (8) and (9). 
The material (Cu or Pd) was evaporated in a high purity atmosphere of He (about 0.I-i 
kPa pressure) contained in a pre-baked UHV evaporator. The evaporated metal condensed in 
the form of nanometer-sized crystals which accumulated at the surface of a cold finger. 
After restoring UHV conditions, the crystals were scraped off the cold finger and were 
consolidated (pressure of -5 GPa) into a dense polycrystalline material with an average 
crystal size of a few (typically, 5 to i0) nanometers, depending on the pressure and the 
evaporation rate. 
The grain size distribution was found (transmission electron microscopy, small angle 
neutron scattering, refs. 8 and 9) to be log-normal. Subsequent annealing of the nano- 
crystalline samples permitted crystal growth to occur without affecting the grain size 
distribution significantly. 
This procedure was used to generate nanocrystalline specimens with a variety of grain 
sizes. The average grain size of every specimen was measured by small angle x-ray scat- 
tering and by llne broadening in the wide angle x-ray scattering regime. Both methods led 
to comparable average grain diameters. 
The hardness measurements were performed on a Leitz microhardness tester using a 
Vickers diamond pyramid indenter with a load of 0.2 kg. For every measurement the load 
was kept constant for a period of 15 s. All specimens were embedded in an epoxy resin 
duringmeasurements. 
3, Experimental Results 
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Fig, 1 Var ia t ion  in  hardness with d - l /2  for  coarse grained copper. 
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The experimental results on the OHFC Cu are summarized in Fig. i as a plot of hard- 
ness (VPH) vs d'I/2. The experimental results clearly follow a Hall-Perch relationship: 
H (VPH) - 52 (VPH) + 60 (VPH ~ml/2) d-I/2 (Nm-I/2) (2)  
where the units of the various terms are enclosed within brackets. The positive slope of 
the data in Fig. i is consistent with data reported in several other materials with grain 
sizes greater than -I ~m (4). 
In contrast to the above data, both nanocrystalline copper and nanocrystalline palla- 
dium exhibited a negative slope, as illustrated in Fig. 2, when the experimental results 
are plotted as hardness vs d'L/~, The data for copper may be expressed as: 
H (VPH) - 375 (VPH) - 625 (VPH nm'I/2) d°i/2 (nm-I/2) (3) 
and the data for Pd may be expressed as: 
H (VPH) - 750 (VPH) - 1300 (VPH nm'i/2) d-i/2 (nm-i/2) 
where the units for the various terms are enclosed within brackets. 
(4) 
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Fig. 2 Variation in hardness with d'i/2 for nanocrystalline Cu and Pd. 
According to our knowledge, these are the first ever experimental results indicating 
a negative Hall-Perch slope at room temperature for Cu and Pd. 
4. Discussion 
The divergence in the experimental results for the coarse grained (>i ~m) and nano- 
crystalline copper is rationalized below in terms of the strength of grain boundaries at 
low temperatures and at high temperatures. 
Rosenhain (I0) and others introduced the concept of equicohesive temperature many 
decades ago: below the equicohesive temperature grain boundaries were presumed to be 
strong whereas above this temperature grain boundaries were presumed to be weak. An amor- 
phous grain boundary zone was hypothesized to account for this behavior (i0). Although 
there is now a considerable body of experimental evidence against an amorphous grain boun- 
dary layer in metallic materials, the concept of equicohesive temperature seems still 
applicable. In fact, it is known that at low temperatures grain boundaries strengthen 
crystalline materials whereas at high temperatures grain boundaries weaken crystalline 
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materials, due to the onset of diffusional creep and grain boundary sliding. 
Experimental results on the variation in hardness with temperature generally fall on 
two straight lines, as shown in a review by Westbrook (ii). The transition in the slopes 
of the two lines occurs in the vicinity of 0.55 Tm, where T m is the absolute melting tem- 
perature, with the hardness decreasing more rapidly at higher temperatures. Westbrook 
(ii) attributed the transition in behavior at higher temperatures to the onset of some 
viscous (diffusion) deformation mechanism. 
Rao et al. (12) examined the grain size dependence of flow stress in a Cr-Mn-N auste- 
nitic steel at temperatures from 300 to 1300 K. The experimental data followed the Hail: 
Petch relationship, with a positive slope f, up to temperatures of 873 K. However, at 
temperatures greater than 875 K, the experimental data plotted in the form of the Hail- 
Perch relationship gave a negative slope: this was attributed to the occurrence of grain 
boundary sliding at high temperatures. 
It is suggested that the present experimental results on nanocrystalline copper arise 
from the occurrence of rapid diffusion creep at room temperature. For the fine grain 
sizes and low temperatures under considerations, it is anticipated that diffusion creep 
will occur by the transport of vacancies along grain boundaries, Coble creep (13): 
150 ~6DgbO 
. . . . . . . . . . . . . . .  (5) 
~kTd 3 
where ~ is the strain rate, ~ is the atomic volume, ~ is the grain boundary width, Dg b is 
the grain boundary diffusion coefficient, o is the stress, k is Boltzmann's constant and 
T is the absolute temperature. 
Equation 5 suggests that Coble creep is likely to play an important role in the 
deformation of nanocrystalline copper for two reasons: (i) the specimens have a small 
grain size (-10 nm), which enhances the diffusion creep rate and (ii) grain boundary dif- 
fusion in nanocrystalline copper is substantially more rapid than polycrystalline coarse 
grained copper (14,15). 
For O-l.3xlO -29 m 3, 5-1 nm, D.b-3xlO'9 exp (-62000/RT) m2s -1 (14,15), where R is the 
gas constant (-8.31 J mol-1), T-30~ K and d - 5 nm, Eqn. 5 yields 
- 6xl0 "ll o (6) 
where ~ and o are expressed in s -1 and Pa, respectively. It follows from Eqn. 6 that, 
at a stress of i00 MPa, the specimen will creep rapidly at a strain rate of 6xlO -3 s -I. 
This strain rate is likely to be substantially greater than, or comparable to, that for 
plastic deformation by intragranular dislocation motion, and therefore it is anticipated 
on the basis of Eqn. 5 that a decrease in grain size will lead to a decrease in the 
strength of nanocrystalline copper. This explanation is consistent with the experimental 
results shown in Fig. 2 and with the observed onset of rapid plastic deformation of nano- 
crystalline ceramics (16). Also, calculations for polycrystalllne copper with grain sizes 
of >i ~m, using the appropriate grain boundary diffusion coefficient, reveal dlffuslonal 
creep to be an insignificant mode of deformation at room temperature. 
Just as the equicoheslve temperature demarcates the transition from low temperature 
to high temperature behavior at a fixed grain size, it is possible to conceive of a simi- 
lar concept, for a fixed temperature, in terms of a critical "equlcohesive ~ grain size 
that demarcates low temperature behavior from high temperature behavior. 
5. Summary and Conclusions 
The present experimental study is a first report on the variation in hardness with 
grain size for nanocrystalline materials. In contrast to the Hall-Petch relationship 
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reported in many crystalline materials with grain sizes of >i ~m, the present experimen- 
tal study at ambient temperature shows that there is a decrease in hardness with a 
decrease in grain size for nanocrystalline copper and palladium. These results are 
rationalized in terms of the occurrence of diffusional creep, at room temperature, in 
ultra fine grained materials. 
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